The parameters for polarization distortion of spaceborne polarimetric synthetic aperture radar (SAR) have range-dependence (or look-angle-dependence), which requires a polarimetric calibration to be performed at any look-angle. It is a huge endeavor to rely solely on ground experiments to obtain a polarimetric calibration at all look-angles. For SAR with phased array antennas we deduce, based on the model for the general polarimetric system, the model for fine polarization distortion described by the parameters of the radar device under the condition of high polarization isolation. We point out the mechanism that causes both variable and constant polarization distortions, and we deduce the correction algorithms for the two types of polarization distortion. Then we propose a polarimetric calibration scheme combining internal and external calibrations to calibrate the two types of polarization distortions for SAR with phased array antennas. The scheme uses the internal calibration data of the radar and the model of the antenna pattern established before satellite launch to invert the in-orbit antenna patterns to correct for the variable polarization distortion, and it needs only a small amount of calibration equipment to solve for the parameters for constant polarization distortion. The scheme no longer depends on the distributed target and improves the polarization precision of the data. It is applied to the calibration experiment for the data processing of the GaoFen-3 satellite and has achieved good results in applications.
I. INTRODUCTION
In the last three decades many polarimetric SAR systems have been constructed, including airborne polarimetric SAR [1] - [13] and spaceborne polarimetric SAR such as SIR-C [6] , [7] , [14] , ALOS-1 [15] - [19] /ALOS-2 [20] , [21] , and RadarSat-2 [22] - [24] . To extract relevant information about the observed target and make full use of the data from the polarimetric radar, polarimetric calibration must focus on the removal of the polarimetric distortion.
Generally speaking, at present there are three main kinds of polarimetric calibration methods: 1) methods based on point The associate editor coordinating the review of this manuscript and approving it for publication was Michele Nappi . targets with known scattering matrices [1] , [25] ; 2) methods based on distributed targets with known scattering characteristics [26] , [27] ; and 3) methods based on the combination of point targets and distributed targets [4] , [28] , [29] . In the past few decades the practice of polarimetric calibration has often adopted combined calibration methods and strategies. SIR-C/X-SAR carried out calibration tests in the Raco Calibration Field in the United States in April and October 1994. The point targets method and the method based on the distributed targets are used for polarimetric calibration; and the differential Mueller matrix of the distributed targets is measured by the polarimetric scatterometer. The results show that the parameters of the polarimetric distortion matrix vary with the look-angle of the beam [14] , [30] - [32] . As one VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of the L-band SAR systems, ALOS/PALSAR, launched by Japan in 2006, carried out many calibration experiments.
These calibration experiments mainly adopted the method of combining artificial point targets with the tropical rainforest. They used the calibration field data of the Mongolia Calibration Field, the Sweden Calibration Field, DLR's Oberpfaffenhofen Calibration Field of Germany, and the Ottawa Calibration Field of Canada [15] , [17] , [33] . RADARSAT-2 is a C-band fully polarimetric high-resolution spaceborne SAR launched by Canada in February 2007. The polarimetric calibration scheme of RADARSAT-2 mainly combined artificial point targets and the tropical rain forest. In this method the Polarimetric Active Radar Calibrator (PARC) was used for polarimetric crosstalk calibration and for absolute calibration of the radar system, while the tropical forest data were used to estimate the imbalance of the system channel [22] , [24] , [34] . Gimeno et al. of the INTA Radar Laboratory in Spain conducted a polarimetric calibration experiment by using the TerraSAR-X full-polarimetry data in Barrax, Spain in July 2011. They combined artificial point targets and distributed targets to achieve the calibration parameters. The distributed targets in the calibration field were calibrated based on the improved Quegan method for polarimetric crosstalk, and the artificial point targets were used for imbalance calibration of channels and for absolute calibration.
Parameters for Polarimetric distortion of spaceborne SAR will vary from beam to beam, as well as with look-angle across each beam [34] - [36] ; that is, the parameters for polarimetric distortion are range-dependent (or look-angledependent), or have range-dependence. To solve this problem the above-mentioned spaceborne SARs used a method that combined distributed targets and point targets for polarimetric calibration. This requires certain assumptions about the distributed target or requires accurate measurement of the distributed target using a scatterometer. These assumptions will result in a lower calibration accuracy, and the measurement will require additional equipment and involve a lot of work. Also, commonly used distributed targets such as tropical rain forests are subject to increasing damage, which will affect the work of calibration tests. In general these methods are based entirely on external calibration.
GaoFen-3 (GF-3) is China's first meter-level multipolarization SAR satellite with scientific and commercial applications, which was launched in August 2016. The GF-3 has two polarization modes: QPS-I and QPS-II. The QPS-I has 28 beams; the look-angle changes from 18.9 • to 42.75 • ; and each beam corresponds to an image width of 30 kilometers. The QPS-II has 16 beams; the look-angle changes from 18.8 • to 42 • ; and each beam corresponds to an image width of 40 kilometers. In order to obtain high-precision polarimetry data from GF-3, we must meet the challenge to extract the parameters for polarimetric distortion from all beams and all look-angles of each beam. For GF-3, unlike the above-mentioned satellites' simple external calibration schemes, we propose a completely new solution in this paper: 1) By starting with the general polarimetric system model [2] , [37] , we establish a model for the polarimetric system that includes a look-angle variable, deduces the model for polarization distortion described by parameters for the radar device under the condition of high polarization isolation, and points out the mechanism for causing different types of polarization distortion. Correction algorithms for variable polarization distortion and constant polarization distortion are given. The model for polarization distortion and the correction algorithms have universal significance and can be used for research into various methods for polarimetric calibration for SAR with the phased array antennas. 2) On this basis a strategy for polarimetric calibration that combines internal and external calibrations is presented. The correction of the variable polarization distortion is obtained by inverting the in-orbit antenna patterns through the internal calibration data and the model for the antenna pattern which was established before satellite launch. An improved method for polarimetric calibration based on three PARCs obtains parameters for residual polarization distortion that correct for constant polarization distortion. The combined strategy needs only one set of polarimetric calibration equipment, which greatly reduces the need for calibration equipment and external field calibration experiments. Under the condition that the system stability meets the requirements, each beam needs to perform only one polarimetric experiment, and thus the corresponding parameters for polarization distortion can be obtained.
3) The data processing results of the GF-3 satellite polarimetric calibration experiments show that the strategy can do a good job of correcting the two types of polarization distortion and greatly improve the polarization precision of the data; and it no longer relies on distributed targets such as tropical rain forests. In part II of this paper a model for a polarimetric system with look-angle variable is constructed, and two types of correction algorithms for polarization distortion are deduced. Section III gives the polarimetric calibration scheme for the combination of internal and external calibration. In Section IV the GF-3 SAR satellite and the external field calibration experiments are described, then the experimental data from the polarimetric calibration are processed and analyzed. Part V is the conclusion.
II. THE VARIABLE AND CONSTANT POLARIZATION DISTORTIONS AND THE CORRECTION METHODS

A. CLASSIFICATION OF POLARIZATION DISTORTIONS 1) THE POLARIMETRIC DISTORTION VARIATION MECHANISM WITH ANGLES
At present the architecture of most airborne and spaceborne polarimetric radars [38] is shown in Figure 1 [37] , [38] . The polarimetric radar alternately transmits H-polarized and According to the strip SAR echo acquisition process and imaging mechanism, we know that the amplitude and phase characteristics of the SAR imaging processor vary with the look-angle, and the main reasons for this result include:
1) The echo signals of the targets at different look-angles have different weights according to the antenna pattern. 2) The targets at different look-angles have different echo power attenuation due to different slant ranges. 3) Due to the unevenness of the atmosphere and its changes with time, the attenuation of the image at different azimuth angles and look-angles is different. The above three factors will cause the response characteristics of the single-channel SAR system to spatially vary, resulting in different responses of the targets with the same scattering characteristics at different imaging positions. The polarization distortion of fully polarimetric SAR is related to the spatial variation of the response characteristics of a single channel SAR, but it is not the same, as follows:
1) The consistent change of the antenna patterns with the look-angle for different polarimetric channels does not cause the polarization distortion to change with the look-angle. Only inconsistent changes in the antenna pattern of each channel will cause the polarization distortion to change with the look-angle. Since the H-and the V-polarized antennas are independent, it is almost impossible for the amplitude-phase characteristics of the patterns for different channels to change consistently with the look-angle, which inevitably causes polarization distortion to vary with the look-angles. 2) The power attenuation introduced by the slant range has the same effect on different polarization channels and does not cause the range-dependence of polarization distortion. 3) Because of the in-homogeneous distribution of the atmosphere, the variation with time, the effects of the ionospheric and other complex components, the effects on different polarization channels are different and change with position, which will lead to a certain degree of spatial variation of polarization distortion.
Among these factors the effect of atmosphere is relatively small, and it is also difficult to accurately measure the state of the atmosphere at all positions in real time. Usually the spatial variation caused by the atmosphere is neglected and considered to be a random error. Under this condition, for strip mode SAR, the spatial variation of polarization distortion is mainly due to range direction. Therefore, the antenna patterns are the main factor in the range-dependence of polarization distortion.
2) THE POLARIMETRIC SYSTEM MODEL CONSIDERING THE RANGE-DEPENDENCE
For the specific look-angle of a specific beam the classical model for a polarimetric system of polarimetric SAR under linear conditions [1] , [2] , [37] , [38] is given by Equation (1):
In the formula a measured scattering matrix M = M 11 M 12 M 21 M 22 is related to an actual target scattering matrix S = S 11 S 12 S 21 S 22 ; A represents the radar system's gains and losses (in amplitude), and ϕ is any phase shift due to the round-trip delay between the target and radar and any losses in the system. The normalized receiving and transmitting matrices R = 1 δ 1 δ 2 f 1 and T = 1 δ 3 δ 4 f 2 describe the relative polarimetric characteristics of the radar system and signal transmission processes, including among others the radar transmitter, transmit antenna, receive antenna, receiver, gain controller, and ionosphere. The matrix N = N 11 N 12 N 21 N 22 represents the additive noise voltage present in each radar channel. The subscripts 1 and 2 correspond to H and V polarizations. f 1 and f 2 are channel imbalance terms for receivers and transmitters, respectively, and δ i (i = 1, 2, 3, 4) is the cross-talk term representing the cross-polarization isolation of the system.
For practical polarimetric radars, such as the GF-3 satellites, due to the non-linearity introduced by their working mechanisms and devices [37] , a more general model for the polarimetric system is needed, which was first proposed by Freeman in 1991 in [2] . While in the process of studying GF-3 satellite calibration, Liang improved Freeman's general model of the polarimetric system into 2 × 2 matrix form through simple mathematical transformation [37] given by Equation (2):
where the γ factor is a parameter introduced by Freeman for correcting the non linearity of the radar polarimeter. It is VOLUME 8, 2020
a measure of the product of the gain error terms in the co-pol channels versus the cross-pol [2] channels and is the ratio of the system transfer functions' product of the co-pol channels versus the the system transfer functions' product of the cross-pol, and is the new imbalance factor [37] given by Equation (3):
where H s pq represents the system transfer function of the pq channel. The corrected measured matrixM is called a co-pol versus cross-pol balanced measured matrix of the radar polarimeter [37] .
The γ factor is a parameter introduced by the non linearity of the radar polarimeter (for example, the Manual Gain Control (MGC) which sets value switching introduces errors when operating in different channels) and is independent of the look-angles, and therefore has no range-dependence (further explanation will be given later). The other six polarimetric parameters, f 1 , f 2 and δ i (i = 1, 2, 3, 4), vary with the look-angle and have a range-dependence.
Introducing the look-angle variable and ignoring the additive noise, the more general expression of the above model for the general polarimetric system is given by Equation (4):
where α is the look-angle of the range antenna patterns corresponding to the observed target and is an independent variable. The relationship between S and S is given by Equation (5):
At present for general radar polarimeters with phased array antennas the polarization isolation can reach more than 30 dB, so the cross-talk factors δ 1 , δ 2 , δ 3 and δ 4 are small. The variation of each cross-talk factor with look-angles is smaller relative to the cross-talk factor itself. The characteristic that each imbalance factor varies with the look-angles is that the amplitude fluctuates around one over a small range, and the phase deviates from zero to a significant value, but the range of fluctuation is also small. So the variation of the imbalance factors has little effect on the cross-talk factors δ 1 (α)/f 1 (α) and δ 3 (α)/f 2 (α) in terms of amplitude characteristics. So the spatial variation of the cross-talk factors can be ignored, and the cross-talk factors δ 2 , δ 4 , δ 1 (α)/f 1 (α), and δ 3 (α)/f 2 (α) can be seen as constant according to Equation (6):
S is substituted into the model for the general polarimetric system as given by Eq. (4) and expanded. Results are obtained as Equations (7) to (10):
where H s jϕ(α) can be called the system transfer functions of the four polarimetric channels.
The above equations reflect that under the condition of high polarization isolation, the parameters with range-dependence for polarimetric distortion are mainly the receiving and transmitting channel imbalance factors f 1 and f 2 . The amplitude-phase factor A(α)e jϕ(α) has the same effect on the four polarimetric channels and does not cause polarization distortion to change with look-angle. (3) for the γ factor, which indicates that the γ factor does not have range-dependence; that is, γ (α) = γ .
3) CLASSIFICATION OF POLARIZATION DISTORTIONS
According to the radar equation and radiation calibration theory [39] , Equations (11) to (14) hold:
where E T is the electric current intensity of the transmitting signal; G Rij is the amplitude-phase gain of the ij-channel receiver; G Pij is the amplitude-phase gain of the ij-channel processor; L ij is the amplitude-phase gain corresponding to the system loss of the ij-channel; A HT (α) = G HTĀHT (α) is true value of the transmitting amplitude-phase pattern of H −channel antenna along the range direction,Ā HT (α) is the corresponding in-orbit measurement amplitude-phase antenna, G HT is the corresponding fixed amplitude-phase deviation, including antenna gain and phase deviation, and it is a complex number; A VT (α) = G VTĀVT (α) is the true value of the transmitting amplitude-phase pattern of V −channel antenna along the range direction,Ā VT (α) is the corresponding in-orbit measurement by the amplitude-phase antenna, G VT is the corresponding fixed amplitude-phase deviation; A HR (α) = G HRĀHR (α) is the true value of the receiving amplitude-phase pattern of H −channel antenna along the range direction,Ā HT (α) is the corresponding in-orbit measurement of the amplitude-phase antenna, G HR is the corresponding fixed amplitude phase deviation; A VR (α) = G VRĀVR (α) is the true value of the amplitude-phase pattern of the V −channel antenna along the range direction, A VR (α) is the corresponding in-orbit measurement by the amplitude-phase antenna, G VR is the corresponding fixed amplitude-phase deviation; R 0 is the reference range value used for slant range correction and is constant. K 11 , K 12 , K 21 and K 22 are complex constants, and they can be denoted by Equations (15) to (18):
In Eqs. (11) - (14) ,Ā HT (α)Ā HR (α)
are the variables that vary with the lookangle. They are the main factors for the amplitude and phase characteristics variation with look-angles. The inconsistent changes of the four variables with the look-angle are the main factors for the range-dependence of the polarization distortion. This part of the polarization distortion is a variable polarization distortion, which is called the first type of polarization distortion. The slant range R(α) is the same for all four channels, and the change is consistent, which will not cause the range-dependence of the polarization distortion; however, the antenna pattern items are inconsistent, which is the key factor for the range-dependence of the polarization distortion.
The inconsistency of the remaining constant terms K 11 , K 12 , K 21 and K 22 will result in uniform polarization distortion of the image of the entire scene. This part of the polarization distortion does not change with the look angle, and is a constant polarization distortion, which is the second type of polarization distortion.
B. CORRECTION METHODS OF POLARIZATION DISTORTIONS 1) CORRECTION ALGORITHM OF THE VARIABLE POLARIZATION DISTORTION
In order to eliminate the change of the response in each polarization channel with respect to the look-angle, according to Eqs. (11)- (14) we construct four functions
, also called correction factors. Use these factors to multiply the image data at the corresponding look-angle of each channel, then generate a new scattering matrix M whose expression for the four elements is updated using Equations (19) to (22):
This eliminates the variables with the look-angle and completes the correction of the variable polarization distortion; i.e., the correction of the first type of polarization distortion.
2) CORRECTION ALGORITHM OF THE CONSTANT POLARIZATION DISTORTION
After correcting the variable polarization distortion the corrected results are re-formed as a matrix. Following the model of the general polarimetric system [2] , [37] , we obtain Equation (23):
This equation is independent of the look-angle, and each item is a constant. The parameters for the polarimetric distortion, R, T , γ , and complex constant Ae jϕ , can be obtained by the usual polarimetric calibration method, and the residual polarization distortion can be corrected using Equation (24):
In this way we obtain the estimated valueŜ of the target scattering matrix S at any look-angle, and the correction of all polarization distortion is completed.
III. COMBINATORIAL POLARIMETRIC CALIBRATION SCHEME
According to the previous derivation, the key to correcting polarization distortion depends on two aspects:
(1) Obtain the transmitting and receiving amplitude-phase antenna patterns of the H-and V-polarized channels to eliminate the range-dependence of polarization distortion;
(2) Then, solve the uniform polarization distortion parameters of the image of the whole scene for a specific beam.
A. COMBINATORIAL POLARIMETRIC CALIBRATION SCHEME
Calibration of polarized radar is a key issue that requires system consideration and design. For the spaceborne SAR of phased array antennas, the full polarization mode is generally implemented in strip mode. Under the current technical conditions polarization isolation of more than 30 dB can be achieved. For a specific beam the effect of polarization cross-talk variation is very small; that is, in the scope of a specific beam, it can be assumed that the polarization cross-talk does not change with the look-angle. Then based on the above theory, the following polarization calibration scheme can be developed:
(1) Before launch carry out a large number of test work; construct the emission pattern and the receiving pattern models of the H-polarized and V-polarized antennas, so as to obtain the accurate antenna patterns through the internal calibration monitoring data after launch.
(2) After the satellite is in orbit the polarimetric calibration equipment is arranged at the test site, and the external field calibration test is carried out for each beam, and then the polarization distortion parameters of each beam are obtained by processing the test data.
For spaceborne SAR with phased array antennas according to the current development status of in-orbit measurement technology of the antenna pattern [40] - [42] , inverting the antenna pattern of each polarimetric channel is a mature technology. It uses the internal calibration data and the model of the antenna pattern established before launch, which is appropriately applied in many on-board SARs. Comprehensive and accurate measurement of the antenna pattern of each beam of the spaceborne SAR greatly reduces the time of the in-orbit test and improves the effective life of the satellite in orbit.
This polarimetric calibration scheme combines the advantages of internal and external calibrations, reducing the dependence on common distributed targets such as tropical rain forests. Each beam needs to be calibrated once over a period of time. For the field test theoretically only one set of polarimetric calibration equipment is needed, which greatly reduces the number required for the polarization calibration equipment and the workload of the external field calibration test.
B. INVERT ANTENNA PATTERN VIA INTERNAL CALIBRATION MONITORING DATA AND THE MODEL OF THE KNOWN ANTENNA PATTERN
For phased array antennas commonly used in spaceborne SAR the accurate model for the antenna is established by ground tests before launch, and the in-orbit calibration function is used to test the TR Modules (TRM) one by one. After the inversion a two-dimensional antenna pattern can be obtained. The antenna subarray is tested row by row, and inversion provides a one-dimensional range-directional antenna pattern.
By considering the exact geometrical dimensions of the antenna the model of the antenna is used to calculate radiation patterns via superposition of the measured and weighted embedded subarray patterns and beam excitation coefficients. An error matrix, which includes drifting or failed antenna elements, is determined by internal calibration loops and orthogonal code sequences applied to the TRMs [40] . The embedded subarray patterns describe the radiation characteristics of each sub-array element embedded into the whole antenna. Grafmuller et al. [41] presented the calculation method of the radiated pattern in elevation and azimuth as given by Equation (25):
where α is the desired elevation angle, which is the lookangle; ε is the desired azimuth angle, N is the number of rows in the subarray; M is the number of columns in the subarray; the embedded subarray patterns C SA are given for each row, column, elevation, and azimuth angle; a is the commanded excitation coefficient; E SA is the error matrix;
x and y are the inter-subarray distances, and k is inter-subarray distance [42] .
By using the single-row internal calibration data to invert the one-dimensional range pattern, we obtain Equation (26):
By measuring the single-line receive/transmit signals of the H and V polarized antenna arrays one by one, the normalized antenna pattern in elevationĀ HT (α),Ā VT (α),Ā HR (α), and A HR (α) can be obtained.
C. MEASURE PARAMETERS FOR UNIFORM POLARIMETRIC DISTORTION USING EXTERNAL POLARIMETRIC CALIBRATION
There are many polarimetric calibration methods based on point targets. Calibration of the polarimetric SAR that depends on the model for the general polarimetric system is based on the PARCs-based methods proposed by Freeman. The specific algorithm refers to the Freeman and Liang articles [2] , [37] , and the distortion parameters γ , R, and T can be obtained.
In order to improve the signal-to-noise ratio of the point targets in the polarimetric calibration experiment, the calibration equipment should be placed in the middle of the swath.
IV. POLARIMETRIC CALIBRATION EXPERIMENTS OF GF-3 AND DATA PROCESSING A. INTRODUCTION TO GF-3
In order to meet the quantitative application of GF-3 and improve the calibration level of data, the internal calibration subsystem in GF-3 takes full account of various calibration requirements, covers the entire receiving and transmitting link, and has a variety of calibration capabilities, including fully-polarized calibration, extraction of the real linear frequency modulation signal, system gain calibration, antenna pattern, and gain monitoring. The GF-3 internal calibration subsystem has three calibration functions: continuous calibration, head and tail calibration, and imaging interpolation calibration [43] . It can meet the needs of ground test by continuous monitoring of system changes in imaging and calibration of antenna and channel parameters. Among them, head and tail calibration is the main method for subsequent use. In order to meet different calibration requirements GF-3 has designed several calibration loops, including among others noise calibration, delay reference calibration, non-delay reference calibration, and full array transceiver calibration [44] .
The design of the internal calibration subsystem of GF-3 satellite and the ground test before satellite launch make it possible to acquire the data of the antenna pattern of different channels on orbit in polarization mode, and to correct the range-dependence of the parameters for the polarimetric distortion by using the internal calibration data.
B. THE EXTERNAL CALIBRATION FIELD EXPERIMENT OF GF-3
The GF-3 satellite has successfully carried out four polarimetric calibration experiments on Erdos on 8 September 2016, 19 September 2016, 11 July 2017, and 16 July 2017 [37] . These experiments involved five PARCs, nine triangular corner reflectors (TCRs), three 45 • dihedral corner reflectors (DCRs), and one 0 • DCR [37] . Because of the conditions surrounding the site, equipment condition, preparation time, and manpower, not all the devices participated in each test. The first experiment used five PARCs, three TCRs and three 45 • DCRs; The second experiment used three PARCs, two TCRs, one 45 • DCR and one 0 • DCR; The third experiment used three PARCs and seven TCRs; The forth experiment used three PARCs and nine TCRs.
Due to the limitation of site conditions, all calibration equipment is distributed within a range of less than 5 kilometers in the range direction, while the whole imaging bandwidth is about 30 kilometers, which can cover part of the imaging bandwidth. Later data analysis shows that a small area can also reflect the range-dependence of polarization distortion.
C. EXPERIMENTAL RESULTS AND ANALYSIS
Before launch the ground test result shows that the polarization isolation of GF-3 global antenna is better than 35 dB [45] , [46] . Evaluation of the quantity after launch also shows that the polarization isolation of GF-3 satellite can reach 35 dB, which indicates that is proposed in this paper, which is based on the neglect of the range-dependence of the cross-talk factors, can be applicable to GF-3. So the polarimetric calibration of the GF-3 satellite can adopt the above-mentioned combinatorial calibration scheme. The amplitude-phase error of the antenna patterns are obtained by using the internal calibration data and the antenna model [47] . And the parameters of the constant polarization distortion are solved by external calibration experiments with three PARCs, which is specifically given by Liang et al. [37] .
In order to enhance the contrast and persuasiveness of the experiment, we used three polarization calibration schemes to process the experimental data. The first scheme did not use the internal calibration data to correct the measured matrix obtained by the calibration equipment; the second scheme used the internal calibration data to correct the measured matrix obtained by the calibration equipment; the third scheme uses the correction method combined with the internal calibration and external calibration proposed in this paper. In order to ensure the accuracy of the extracted scattering matrix, after finding the position of the point target on the single-look complex image of the four polarization channels, we select the area of 32 pixels × 32 pixels around the point target, and the range and the azimuth directions are respectively interpolated 128 times, and then the point target peak position is found. Extract the complex number at the position to obtain the scattering matrix of the target.
Of the four experiments described in Section IV-B, three TCRs and three 45 • DCRs were used on 8 September 2016, and there were no such balanced experiment equipment configurations in the three experiments conducted on the other three dates. So as an example, we used the data of the experiment on 8 September 2016 to analyze the effects of the proposed combination scheme. The processing results of three schemes of this experiment are shown in Table 1 , and M hh , M hh , M hh and M hh represent measurements of the polarization response of the four channels (HH , HV , VH and VV ).
Since the ideal polarization scattering matrix of the triangular reflector is 1 0 0 1 [48] , we normalize the measured scattering matrix by using the HH channel (element VOLUME 8, 2020 at position 11 of the corresponding matrix). Therefore, the relative amplitude and phase characteristics of the VV channel (element at position 22 of the corresponding matrix) of the TCR equipment at different positions represent the range-dependence of the polarization characteristics. The positional distribution of the three TCR image points is shown in Figure 7 , in which the abscissa is the range direction and their abscissas are 185, 137, and 53, respectively. Figure 2 shows the amplitude variation of three TCR scattering matrices. Figure 3 shows the corresponding phase variation. Since the ideal polarization scattering matrix of the 45 • DCR is 0 1 1 0 [48] , we normalize the measured scattering matrix by using the HV channel (element at position 12 of the corresponding matrix). Therefore, the relative amplitude and phase characteristics of the VH channel (element at position 21 of the corresponding matrix) of 45 • DCR equipment at different positions represent the range-dependence of the polarization characteristics. The positional distribution of the three 45 • DCR image points are shown in Figure 7 , in which the abscissa is the range direction and their abscissas are 227, 25, and 101, respectively. Figure 4 shows the amplitude variation of three 45 • DCRs scattering matrices. Figure 5 shows the corresponding phase variation. Figure 2 illustrates that the maximum amplitude deviation of the VV channel of the three TCR scattering matrices improved from 0.44 dB to 0.10 dB after internal calibration correction, and the improvement is over 0.34 dB. From Figure 2 we see intuitively that after calibration of the internal calibration data, the fluctuations of amplitude are greatly eliminated; that is, the internal calibration correction eliminates the range-dependence of VV channel polarization distortion. Figure 4 illustrates that the maximum amplitude deviation of the VH channel of three 45 • DCR scattering matrices improved from 0.44 dB to 0.08 dB after internal calibration correction, and the improvement is over 0.36 dB. From Figure 4 we can see intuitively that after calibration of the internal calibration data, the fluctuations of amplitude are greatly eliminated; that is, the internal calibration correction eliminates the range-dependence of VH channel polarization distortion. As can be seen in Figures 3 and 5 , the internal calibration process largely corrects the phase error of the channel. Since the overall improvement in phase deviation is around 100 • , the improvement of the range-dependence of phase distortion is analyzed from the specific values in Table 1 . In particular it can be seen from the phase changes of the VH channels of the three DCRs that the phase inconsistency is improved from 2.8 • to 0.15 • after the internal calibration process; that is, the internal calibration correction eliminates the range-dependence of VH channel polarization distortion. The phase fluctuations of the VV channel of the three TCRs are already very small, so the effect of the internal calibration process on the phase fluctuations is not apparent. In addition it can be seen in Figures 3 and 5 that, although the internal calibration process greatly improves the phase deviation, there is still a large overall residual phase error. According to previous theory, internal calibration primarily eliminates amplitude and phase errors in a single channel that varies with look-angle. The amplitude and phase errors associated with the polarization characteristics between the channels still require external calibration to be completely eliminated.
In addition it can also be seen that the amplitude and phase of the VV channel of the TCR equipment have moved as a whole after correcting the obtained parameters for polarimetric distortion in Figure 2 and 3. And it can also be seen that the amplitude and phase of the VH channel of 45 • DCR equipment have moved as a whole after correcting the obtained parameters for polarimetric distortion in Figure 4 and 5. In Figures 2, 3, 4 , and 5, the resulting curves of the second polarimetric calibration scheme and the third polarimetric calibration scheme are parallel. These intuitively show that the parameters for polarization distortion obtained by external calibration are used to eliminate the polarization distortion of the entire image as a whole; i.e., to eliminate constant polarization distortion or a second type of polarization distortion. In the test on September 8, 2016 the external calibration correction significantly improved the phase imbalance between the HH and VV channels of the TCR equipment and the phase imbalance between the HV and VH channels of 45 • DCR equipment. Since the internal calibration accomplished a good correction of the amplitude imbalance, the improvement of the amplitude imbalance by the external calibration is not obvious. In the other three experiments, similarly, the correction of the internal calibration based on the correction of the antenna pattern improves the fluctuation of channel amplitude and phase at different ranges, and the calibration is different at different locations, while the external calibration is a holistic movement of the amplitude and phase characteristics at all locations. And these two kinds of corrections resolve the variable polarization distortion and the constant polarization distortion. In order to intuitively express the correction effect on the polarization, a pseudo-color map synthesis based on Pauli-based object decomposition is performed on the polarization SAR data, and four gray scale images are combined into one color image. Blue is the sum of the co-polarized channels; i.e., M hh + M vv ; red is the subtraction of the co-polarized channels; i.e., M hh − M vv ; green is the sum of the cross-polarized channels; i.e., M hv + M vh . Figure 6 shows the polarized synthesized pseudo color image of the experimental data on September 8, 2016 after two kinds of correction, and Figure 7 is an enlarged view of the location of the calibration equipment. For comparison Figure 8 shows an enlarged view of the area of the experimental equipment that has been corrected only by internal calibration, and Figure 9 shows the data without any correction. Compare the image points of the three TCRs and three 45 • DCRs in Figures 7, 8, and 9 . We can intuitively see that after correcting for the internal calibration, the target quality improves, and after the combinatorial correction, the target quality significantly improves. The image points of TCRs become pure blue, which is the color that the TCR should have in the polarized synthesized pseudo color image; and the image points of DCRs become pure green, which is the color that the DCR should have in the polarized synthesized pseudo color image.
V. CONCLUSION
The satellite internal calibration system needs to be sufficiently robust in order to obtain high-precision spaceborne polarimetric SAR data. It is necessary to comprehensively measure the antenna system before launch and to establish the accurate models for the antenna pattern. After the satellite is in orbit the in-orbit antenna pattern data can be obtained based on the internal calibration monitoring data and the previously established model, so that the correction of the variable polarization distortion can be performed. This can greatly reduce the workload of the polarimetric calibration test in the field, reduce the number required for calibration equipment, and improve the accuracy of the polarimetric data product.
However, the antenna pattern correction based on the internal calibration data inversion does not completely eliminate the polarization distortion. It is also necessary to extract the remaining polarization distortion parameters based on the external calibration test of the calibration equipment.
In this paper the strategy for the polarization calibration, based on the combination of internal calibration and external calibration, is used to solve the problem of SAR polarization distortion with the phased array antennas. The strategy does not depend on the distributed target of the previous spaceborne polarization SAR calibration, and only uses a small amount of polarization calibration equipment, which greatly reduces the cost of developing the calibration equipment and the workload of the field test. The strategy for combinatorial polarimetric calibration makes full use of the advantages of the internal and external calibration of the spaceborne polarization SAR with the phased array antenna, and reduces the field workload of the external calibration, and is a very suitable solution for spaceborne SAR polarimetric calibration. ZHAOGUO DENG was born in 1994. He received the bachelor's degree from the Beijing Institute of Technology (BIT), in 2016, and the master's degree from the Information College of BIT, in 2018. He joined with the Institute of Electronics of the Chinese Academy of Sciences, in 2019. He is mainly involved in the research of SAR calibration and assessment. VOLUME 8, 2020 
